For the development of renal cell carcinomas, it has been suggested that a germ-line or somatic mutation occurs on one of the homologous chromosomes 3p, and subsequently the other 3p segment is lost. We have examined the karyotype and/or the allelic combination on chromosomes 3 and 5 by restriction fragment length polymorphism analysis in normal kidney and tumor samples from 28 renal cell carcinomas that developed in two patients with von Hippe-Lindau disease; we then compared the results to those of sporadic
disease; we then compared the results to those of sporadic
tumors. An unbalanced translocation between chromosome 3p and 5q or other chromosomes was found to be the most common aberration. We developed a model of nonhomologous chromatid exchange involving breakpoint clusters at chromosomes 3p13, 3pll.2, 5q22, and 8q11.2. Subsequent chromatid segregation may result in net loss of the 3p segment either (i) in one step or (is) after a nondisjunctional loss of the derivative chromosome carrying the 3p segment. This general mechanism could also be implicated to explain genetic changes occurring in other types of solid tumors.
Because of the recessive nature of tumors at the cellular level, both alleles of a suppressor gene must be inactivated before a tumor can develop (1, 2) . Perhaps the best support for this hypothesis comes from studies of retinoblastoma, which arises by inactivation of both alleles of the RBI gene (3, 4) . Moreover, reintroduction of this gene into retinoblastoma cells reverses the malignant phenotype (5) . Application of restriction fragment length polymorphism (RFLP) analysis to the genetics of solid malignant tumors has provided evidence for the loss of alleles at specific chromosomal sites in other tumors as well (2) . Although RFLP analysis initially maps putative tumor-suppressor genes, it offers no evidence for the exact mechanism of loss of heterozygosity. Loss of alleles is known to occur at least three ways: deletion of a large chromosome segment, loss of the entire chromosome, and mitotic recombination between two homologous chromosomes in embryonal, as well as adult-type, neoplasias (for review, see ref. 2) .
Chromosome and RFLP analyses of sporadic nonpapillary renal cell carcinomas (RCCs) identified recurrent deletion of the smallest overlapping region ofthe chromosome 3p13-pter segment (6, 7). In two families with hereditary RCC, tumor susceptibility is associated with a constitutional chromosome translocation involving the 3pl3-14.2 region (8, 9) . The common breakpoint at 3p13 in sporadic, as well as in familial cases, suggested that a tumor-suppressor gene might be localized at this chromosomal region. von Hippel-Lindau (VHL) disease, an autosomal inherited disorder, is characterized by the presence of hemangioblastomas of the central nervous system, multiple renal cysts, pancreatic and epididymal cysts, and cystadenomas, and pheochromocytoma. RCC, in association with cysts, develops in 30% of the carriers. The VHL locus has been mapped to the 3p25 region by means of familial linkage analysis (10) . Rearrangement of the chromosome 3p segment and loss of 3p alleles inherited from nonaffected parents were found in tumors developed in VHL patients (11) (12) (13) (14) . The VHL gene was proposed to be a tumor-suppressor gene, unmasking of which by loss of the wild-type allele leads to the development of both hereditary and sporadic RCC (14) .
To determine the mechanism of allelic loss, we have analyzed 28 nonpapillary RCCs arising in two VHL patients. The results were compared with previous observations in sporadic cases. Our data suggest a model that involves nonhomologous chromatid exchange as a mechanism causing the loss of specific chromosomal sequences. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
MATERIALS AND METHODS

Human
RESULTS
Genomic Changes in VHL-RCCs. Chromosome analysis of 13 RCCs from one VHL patient and 3 RCCs from another VHL patient revealed a rearrangement of the chromosome 3p region in each tumor analyzed ( Table 1) . The translocation between chromosome 3p and 5q segments was the most common aberration occurring in seven tumors (case 2, T1-T4, T7, T9, and Til). In each case one normal-appearing, one rearranged chromosome 3, and two normal-appearing chromosomes S were found (Fig. 1A) . This unbalanced translocation leads to partial monosomy of chromosome 3p and partial trisomy of Sq sequences translocated to 3p. A chromosomal segment of unknown origin was translocated to chromosome 3p13 in one case. In one tumor a translocation between chromosomes 3p and 6p was found, and in another tumor a translocation between 3p and 8p was found. The chromosome 3p segment and also either chromosome 6 or chromosome 8 were lost from tumor cells in these cases (Fig.  1B) . Monosomy 3 was noticed in two tumors, whereas the 3p segment was deleted in four cases. In seven tumors a translocation occurred between 3p and another chromosome, and in three tumors a 3p deletion was the sole karyotype change.
We compared the constitutional and tumor genotype at loci on 3p and Sq in DNA samples from 24 RCCs of the two VHL patients; 12 of them have been analyzed cytogenetically. All tumors but 1 (case 1, 17) lost the constitutional heterozygosity for 3p probes (Table 1 ). An example is shown in Fig.  2 . The allelic loss at 3p and 3q and duplication of5q sequences in tumors T4, T5, T10, T12, and T13 in case 1 (which have not been analyzed cytogenetically) suggest monosomy 3 and translocation of the 5q segment to chromosomes other than 3p. To prove partial trisomy of Sq and to determine the origin of Sq sequences in tumors, we compared the ratios of signal responses. Simultaneous hybridization with 5p and 5q probes showed a normalized allelic dosage of 1.40-1.54 in tumor cells for the locus D5S22, corresponding to the presence of three copies of 5q sequences. By using the approach of DNA polymorphism, maintenance of both alleles at 5p and 5q were detected. However, the value of autoradiographic signal intensity at one band of the 5q-specific probe JO205H-C increased 1.78-2.11 times relative to the other one. An example is shown in Fig. 2 . These results indicate that both parental chromosomes S are retained in the karyotype, but the long arm of one of them is present in two copies.
Translocation Involving Breakpoint Clusters Are Common in Hereditary and Sporadic RCCs. The type and frequency of chromosome changes detected in multiple VHL-RCCs are similar to those previously found in 75 sporadic RCCs (7). Karyotypes of 10 sporadic tumors with 3p translocations as well as with deletion 3p and monosomy 3 and allelic assignments at chromosomes 3 and 5 are shown in Table 1 . The RFLP analysis confirmed the cytogenetic findings-i.e., loss of chromosome 3p and duplication of chromosome 5q segments. In VHL-as well as in sporadic RCCs-two distinct breakpoint clusters were found, each associated with a different form of karyotype changes (Fig. 3) . In the first form the breakpoint on chromosome 3 is at band p13 (Fig. 3A) . The most common nonreciprocal translocation occurs between chromosome 3p and 5q or lq. In each case a pair of chromosomes S (Fig. 1A) or chromosomes 1 with normal morphology was found. Thus, this mitotic event results in the net loss of 3p and gain of Sq or lq segments. The second form of translocation is less common and involves chromosomes other than chromosomes 5 and 1. The breakpoint on chromosome 3p and on the partner chromosome in exchange is near the centromere at bands p1l or q1l (Fig. 3B) . Although this type of rearrangement was found in only 10 tumors, the nonrandom involvement of chromosome 8 is noteworthy: translocation (3;8) occurred in four sporadic and one VHL-RCC (four times at the same breakpoints on both chromosomes). When this type of rearrangement was detected, the derivative chromosome carrying the translocated 3p segment was eliminated from the tumor cells (Fig. 1B) .
DISCUSSION
We found that an unbalanced translocation involving the chromosome 3p region is the most frequent karyotype change in sporadic RCC (7). The present study revealed similar karyotype changes in RCCs associated with VHL disease. This observation indicates a shared genetic mechanism that might unmask recessive gene(s) by the same process in both VHL and sporadic cases. The results could be explained by the model of mitotic nonhomologous chromatid exchange. In the late S phase or G2 phase, when two chromatids are available, a translocation might occur between two nonhomologous chromatids (Fig. 4) . When the daughter cells each receive a rearranged chromatid, as well as the normal chromatids, they are trisomic for one and monosomic for the other segment in exchange (Fig. 41) . When both rearranged chromatids segregate into one of the daughter cells, cell division results in a cell with a balanced translocation as well as in a normal cell (Fig. 411) .
In VHL and sporadic RCCs, the first segregation mechanism leads in one step to the loss of a 3p segment, as well as to the gain of a 5q or lq segment. The second type of segregation after a subsequent nondisjunction results in the loss of 3p segment and also in partial monosomy of chromosomes 8 and 6. In families with constitutional translocation (3;6) and translocation (3;8) each tumor that developed in carriers has lost the translocated chromosome 3p segment (9) , suggesting that the loss of the 3p segment is critical rather than the breakpoint. The genetic mechanism leading to loss of one allele at 3p in familial cases is a germ-line recombination with alternate segregation, followed by somatic loss of the recombinant chromosome with the 3p segment. The difference between familial and sporadic cases is in the chromosomal sites involved and the.number of cells affected during kidney development. The two forms of chromatid segregation seem to be associated with the breakpoint clusters at chromosome 3p. However, not the breakpoint but the chromosomes in exchange might be responsible for the type of aberration occurring in RCCs. Both types of segregation probably occur in cells, but the partial trisomy 1q and 5q, as well as the partial monosomy 8 and 6 give a selective growth advantage. For exchange between chromosomes 3 and 8, segregation form I would result in partial monosomy 3 and partial trisomy 8. For chromatid translocation (3;5), segregation form II would cause partial monosomy 3p and 5q. These types of rearrangement seem nonfavorable for the proliferation of renal cells: RCCs do not have a monosomy 1 and monosomy 5 or trisomy 8 and trisomy 6 (7).
The VHL gene is mapped to the 3p25 region, distal to both breakpoint clusters we found in RCCs (10) . One could speculate that because the VHL gene is affected by both types of segregation mechanism, VHL might be the RCCsuppressor gene. However, there is another recurrent breakpoint on chromosome 3 between 3p13 and VHL. Pleomorphic adenoma of the salivary gland is characterized by a translocation between chromosomes 3p2l and 8q12 (15) . The breakpoint at chromosome 8q is the same found in some RCCs. A chromatid exchange at band 3p2l would effectively eliminate VHL. Because none of the sporadic or VHL-RCCs showed such rearrangement, we suggest that VHL is responsible only for the development of renal cysts and not for the initiation of RCC. The elimination of the wild-type allele of VHL probably occurs by chromatid translocation in some kidney cells during embryonal development. At this step one allele Ti   T2  T3  T4  T5  T6  T7  T8  T9   T10  Tll  T12  T13  T14  T15  VHL-RCC case 2  NK   Ti   T2   T3  T4  T5  T6  T7  T8  T9  T10  Tll  T12 46,XX,del(3)(pl3) 46,XX,-3,+der(3)t(3;5)(pl3;q22) 46,XX,-3, +der(3)t(3;6)(pll.2;pll.2),-6 46,XX,-3, + der(3)t(3;5)(pl3;q22) 46,XX,del(3)(pll.2) 46,XX,-3,+der(3)t(3;?)(pl3;?), inv(7)(p22q36),-8,-8, -10,del (13) in which mutational inactivation ofthe remaining allele of the RCC suppressor gene might lead to tumor development. A similar mechanism might effectly initiate sporadic RCCs without involving the VHL gene.
The molecular basis of this chromatid exchange is not yet known. Breakpoints at chromosome 3p and partner chromosomes are frequently near the centromeric region at bands p1l or ql1 in tumors. The proximal heterochromatic region consists of highly conserved repeated DNA sequences (16) . Regions near the centromere are the sites of proximal chiasmata in plants and animals, and the territory of these chromosomal segments is always the same relative to the centromere (17) . Crossing over can also occur between DNA sequences other than the centromeric region. The best example for the existence of such a region is the site-specific recombination between chromosomes 11q and 22q, the most common constitutional translocation in humans (18) . This translocation is also the specific chromosome aberration seen in Ewing sarcoma and related tumors (19) (20) (21) . Whether homologous sequences that trigger the recurrent exchanges are present at chromosomal sites 3pl3 and 5q22 remains to be determined.
The data presented here show that a mitotic chromatid translocation between nonhomologous chromosomes is the most frequent event resulting either in one step or after whereas the other two rearranged chromatids result in a balanced translocation (3;8) . This latter cell requires a nondisjunctional loss of the derivative chromosome (D2) to eliminate the 3p segment. The chromosome pattern within dash-lined boxes fits the karyotype changes of RCCs (see Fig. 1 ). nondisjunction in the loss of chromosome 3p segment in both VHL and sporadic RCCs. Homologous recombination is common during evolution and in some forms of differentiation (22, 23) . Recently, molecular evidence that homologous recombination occurs in lymphoblastoid cells from a boy with Bloom syndrome has been reported (24) . Nonhomologous chromatid exchange transposing protooncogenes to sites of activation is a specific genetic change in lymphomas and leukemias (25, 26) . Solid tumors are characterized by unbalanced translocations-i.e., partial deletions and trisomies. The model presented here may be applied to the genetic changes occurring in many types of solid tumors. Determining the structural basis of such chromatid exchange by molecular cloning, in addition to characterizing the function of tumor-suppressor genes, can probably help explain the process of malignant transformation.
